The healthy regulation of appetite involves a balance between excitatory (drive) and inhibitory (satiety) processes. For many years research has concentrated on the identification of signalling systems that mediate satiety to the relative exclusion of drive-inducing biological events. However, the so-called long-term regulation of body weight has recently been given substance by the identification of a chemical signal believed to link the brain with adipose tissue stores. ANALYSIS: This signal, leptin, is in position to modulate the expression of a drive to eat. Studies on the relationship between leptin and perceived hunger, and on the eating behaviour of leptin-deficient individuals, are consistent with the intervention of leptin in a drive system. The contrast between the roles of leptin and serotonin in appetite regulation reflects the difference between drive-signalling and satiety signalling processes. CONCLUSION: It is proposed that leptin modulates the drive signals arising from the metabolic demand for energy but also shows some properties of a post-prandial satiety signal.
Introduction
Appetite control implies a control over energy intake. Some researchers argue that it only requires a habitual addition of 20 -30 kcal per day to lead over a number of years to significant body weight increases which, in turn, leads to an epidemic of obesity. If human beings are the most intelligent life force on this planet, why is it that they cannot adjust their (eating) behaviour by the very small amounts which would be required for weight stability rather than weight escalation? Some explanation for this may be found through an examination of the processes involved in the regulation of appetite.
The psychobiological system of appetite control
It is now accepted that the control of appetite is based on a network of interactions forming part of a psychobiological system. The system can be conceptualised on three levels ( Figure 1 ). These are the levels of psychological events (hunger perception, cravings, hedonic sensations) and behavioural operations (meals, snacks, energy and macronutrient intakes); the level of peripheral physiology and metabolic events; and the level of neurotransmitter and metabolic interactions in the brain. 1 Appetite reflects the synchronous operation of events and processes in the three levels. When appetite is disrupted as in certain eating disorders, these three levels become desynchronised. Neural events trigger and guide behaviour, but each act of behaviour involves a response in the peripheral physiological system; in turn, these physiological events are translated into brain neurochemical activity. This brain activity represents the strength of motivation to eat and the willingness to refrain from feeding.
Satiety signals and the satiety cascade
Scientifically important components of the appetite system are those physiological events which are triggered as responses to the ingestion of food and which form the inhibitory processes which first of all stop eating and then prevent the re-occurrence of eating until another meal is triggered. These physiological responses are termed satiety signals, and can be represented by the satiety cascade.
Satiation can be regarded as the complex of processes which brings eating to a halt (cause meal termination) whilst satiety can be regarded as those events which arise from food consumption and which serve to suppress hunger (the urge to eat) and maintain an inhibition over eating for a particular period of time. This characteristic form of an eating pattern (size of meals, snacks etc) is therefore dependent upon the co-ordinated effects of satiation and satiety which control the size and frequency of eating episodes.
It is known that chemicals released by gastric stimuli or by food processing in the gastro-intestinal tract are involved in the control of appetite. 2 Many of these chemicals are peptide neurotransmitters, and many peripherally administered peptides cause changes in food consumption. 3 There is evidence for an endogenous role for cholecystokinin (CCK) pancreatic glucagon, bombesin and somatostatin. Much recent research has confirmed the status of CCK as a hormone mediating meal termination (satiation) and possibly early phase satiety. This can be demonstrated by administering CCK intravenously (the mouth cannot be used since CCK would be inactivated as soon as it reached the stomach) and measuring changes in food intake and hunger. CCK will reduce meal size and also suppress hunger before the meal; these effects do not depend on the nausea that sometimes accompanies an i.v. infusion. 4 Food consumption (mainly protein and fat) stimulates the release of CCK (from duodenal mucosal cells) which in turn activates CCK-A type receptors in the pyloric region of the stomach. This signal is transmitted via afferent fibres of the vagus nerve to the nucleus tractus solitarius (NTS) in the brain stem. From here the signal is relayed to the hypothalamic region where integration with other signals occurs. Other potential peripheral satiety signals include peptides such as enterostatin, 5 neurotensin and glucagonlike-peptide (GLP-1). 6 To regulate appetite a variety of structures in the brain integrate multiple signals to assess the biological need for energy, to process satiety signals, to generate or inhibit conscious experiences of hunger and subsequently to initiate the appropriate behavioural action. For a number of years the neurotransmitter serotonin (5-hydroxytryptamine) has been closely linked with the signalling of satiety. 7 At present 14 different sub-types of serotonin receptors have been identified. 8 Most evidence indicates that 5-HT 1B and=or 5-HT 2C receptors are responsible for the satiety-enhancing effects of 5-HT. A considerable body of data indicates a key role for serotonin systems in the processing of satiety signals by the brain. 9 The drive to eat
For years the focus of investigations of appetite control has centred upon the termination of eating. This is because the termination of an eating episode, being the endpoint of a behavioural act, was perceived to be an unambiguous event around which empirical studies could be organised. Consequently satiety came to be the concept which formed the basis for accounts of appetite.
However, some 50 y ago there was an equal emphasis on the excitatory or drive features of appetite. This was embodied in Morgan's 'central motive state' and in Stellar's location of this within the hypothalamus. 10 One major issue was to explain what gave animals (and humans) the energy and direction which motivated the seeking of food. These questions are just as relevant today but the lack of research has prevented much innovative thinking. In the light of knowledge about the physiology of energy homeostasis, and the utilisation of different fuel sources in the body, it is possible to make some proposals. One source of the drive for food arises from the energy used to maintain physiological integrity and behavioural adaptation. Consequently, there is a drive for food generated by energy expenditure. Approximately 60% of total energy expenditure is contributed by the resting metabolic rate (RMR). Consequently RMR provides a basis for drive and this resonates with the older concept of 'needs translated into drives'. In addition, through adaptation, it can be envisaged that other components of energy expenditure would contribute to the drive for food. The actual signals that help to transmit this energy need into behaviour could be reflected in oxidative pathways of fuel utilisation, 11 abrupt changes in the availability of glucose in the blood 12 and eventually brain neurotransmitters such as NPY which appears to be linked to metabolic processes. Leptin is also likely to play a role via this system.
In turn this drive to seek food, arising from a need generated by metabolic processing, is given direction through specific sensory systems associated with smell, but more particularly with taste. It is logical to propose that eating behaviour will be directed to foods having obvious energy value. Of particular relevance to the current situation are the characteristics of sweetness and fattiness of foods. In general most humans possess a strong liking for the sweet taste of foods and for fatty texture. Both of these commodities indicate foods which have beneficial (energy yielding) properties. Accordingly, appetite can be considered as a balance between excitatory and inhibitory processes. The excitatory processes arise from bodily energy needs and constitute a drive for food (which in humans is reflected in the subjective experience of hunger). The most obvious inhibitory processes arise from post-ingestive physiological processing of the consumed food, and these are reflected in the subjective sensation of fullness and a suppression of the feeling of hunger. However the sensitivity of both the excitatory and inhibitory processes can be modulated by signals arising from the body's energy stores.
It should be noted that the drive system probably functions in order to ensure that energy intake at least matches energy expenditure. This has implications for the maintenance of obesity since total energy expenditure is proportional to body mass. This means that the drive for food may be strong in obese individuals in order to ensure that a greater volume of energy is ingested to match the raised level of expenditure. Interestingly, whilst there is a process to prevent energy intake falling below expenditure, there does not seem to be a strong process to prevent intake rising above expenditure. Consequently, any intrinsic physiological disturbance which leads to a rise in excitatory (drive) processes or a slight weakening of inhibitory (satiety) signals would allow consumption to drift upwards without generating a compensatory response. For some reason a positive energy balance does not generate an error signal that demands correction. Consequently the balance between the excitatory and inhibitory processes has implications for body weight regulation and for the induction of obesity.
Signals from adipose tissue: leptin and appetite control
One of the classical theories of appetite control has involved the notion of a so-called long-term regulation involving a signal which informs the brain about the state of adipose tissue stores. This idea has given rise to the notion of a lipostatic or ponderstatic mechanism. 13 Indeed this is a specific example of a more general class of peripheral appetite (satiety) signals believed to circulate in the blood reflecting the state of depletion or repletion of energy reserves which directly modulate brain mechanisms. Such substances may include satietin, adipsin, tumour-necrosing factor (TNF or cachectin, so named because it is believed to be responsible for cancer-induced anorexia) together with other substances belonging to the family of neural active agents called cytokines. The most celebrated potential signal is the obprotein or leptin.
At the present time the precise relationship between the ob-protein and weight regulation has not been determined. However, it is known that in animals and humans that are obese, the measured amount of ob-protein in the plasma is greater than in lean counterparts. Indeed there is always a very good correlation between the plasma levels of leptin and the degree of bodily fattiness.
14 Therefore although the ob-protein is perfectly positioned to serve as a signal from adipose tissue to the brain, high levels of the protein obviously do not prevent obesity or weight gain. However, the ob-protein certainly reflects the amount of adipose tissue in the body. Since the specific receptors for the protein (namely ob-receptor) have been identified in the brain (together with the gene responsible for its expression), a defect in body weight regulation could reside at the level of the receptor itself rather than with the ob-protein. It is now known that a number of other molecules are linked in a chain to transmit the action of leptin in the brain. These molecules are also involved in the control of food intake, and in some cases a mutation in the gene controlling these molecules is known and is associated with the loss of appetite control and obesity. For example, the MC4-R mutation (melanocortin concentrating hormone receptor 4) leads to an excessive appetite and massive obesity in children, just like the leptin deficiency. 15 Leptin-deficiency and appetite control
It seems clear that for the majority of obese people, the obprotein (leptin) system is not a major cause of rapid or massive weight gain. However, for certain individuals very low levels of leptin (or the absence of leptin) may constitute a major risk factor. Recently a number of individuals have come to light. For example, two young cousins have been studied who displayed marked hyperphagia from a very early age. This hyperphagia took the form of a constant hunger accompanied by food cravings and a continuous demand for food. 16 The eldest of the two cousins had reached a body weight of more than 90 kg by the age of 9. Her serum leptin level (like that of the cousin) was very low, and subsequently a mutation in the gene for leptin was revealed. This finding seems to implicate leptin (ob-protein) in the control of the drive for food; that is, in the expression of hunger and active food seeking rather than with satiety or the short-term inhibition over eating. Leptin therefore appears to modulate Figure 2 Proposed inter-relationships among peptides known to exert effects on the expression of appetite. The scheme distinguishes between rapidly acting episodic satiety signalling and more slowly acting tonic signals reflecting a need-induced drive for food. 26 the tonic signal associated with the translation of need into drive; when leptin levels are low or absent then the drive is unleashed and results in voracious food seeking. The MC4-R receptor is also part of the same system and the absence of this receptor also abolishes restraint over appetite leading to massive hyperphagia. This phenomenon is quite different from the removal of a single satiety signal which would lead only to an increase in meal size or a modest increase in meal frequency. In passing it should be noted that leptin treatment of a child with congenital leptin deficiency has brought about a significant decrease in hunger and food intake leading to a substantial loss of body weight. 17 
Leptin and hunger regulation
In addition to the information on individuals with a leptin gene mutation, there is now some evidence to link leptin levels with the expression of hunger and the control of eating. When obese women were subjected to a 12-week energy deficit (by reducing energy intake and increasing physical activity), leptin levels decreased along with body weight and body fat. 18 In addition, hunger increased across the period of weight loss and this was inversely correlated with leptin concentrations; subjects who experienced the greatest increases in hunger and desire to eat had the largest percentage drop in leptin concentrations. Similarly, when overweight women received an energy-restricted diet for 5 weeks, leptin concentrations were correlated with decreases in body weight, and also with insulin and CCK. However only leptin was correlated with the subjective perception of hunger-satiety; the lower the leptin values, the greater the intensity of perceived hunger. 19 Consequently, leptin reflects the change in hunger drive brought about by a decrease in energy stores. On the other hand leptin is not associated with hunger or desire to eat brought on by the exposure to food stimuli. 20 Therefore leptin appears to be responsive to metabolic signals rather than to environmental signals transmitted via sensory systems.
These studies have led to the proposal that leptin concentrations may be influenced by a nutrient sensing mechanism, rather than being a simple reflection of adiposity. 21 This view is compatible with the dual role suggested for leptin 22 and is consistent with the observation that leptin concentrations are elevated in high fat phenotypes whose energy intake is driven up by habitual consumption of an energy dense diet. 23 Under these conditions leptin may be operating to regulate body weight in the face of a potential weight-increasing energy intake. Taken together these observations indicate that leptin is much more closely involved with energy and nutrient metabolism (and the translation of 'need' into 'drive'), than it is with short-term satiety signalling. It can be envisaged that leptin can modulate the signalling of drive and this process involves a complex chain of peptides, 24 which regulate the expression of appetite (see Figure 2 ). Some studies (but not all) have concluded that 'short-term regulation of post-prandial satiety is not influenced by circulating leptin'. 25 This model can be exemplified by contrasting the roles of leptin and serotonin in the regulation of appetite. 26 Serotonin receptors appear to mediate quick acting post-prandial satiety signals whereas it is proposed that leptin modulates the drive arising from the metabolic demand for energy. However, leptin does display some properties of a post-prandial signal.
